Mangrove forests can reduce the vulnerability of adjacent coastal lands from storm surges by slowing the flow of water. Although the potential utility of mangroves in disaster risk reduction is increasingly recognized by coastal managers, efficient use of this ecosystem-based protection is often hindered by the scarcity of location-specific information on the protective capacity of mangroves. This paper evaluates that capacity in seven coastal locations of Bangladesh, where surge heights can range from 1.5 to 9 meters. Estimates confirm varying levels of protection from different species, width, and density of mangrove forests. The findings highlight that mangroves must be used along with built infrastructure such as embankments. However, mangroves in the foreshore of embankments will contribute to savings in maintenance costs by protecting the built infrastructure from breaching and other damages. -202-473-2679; Fax: 1-202-522-2714 JEL Classification: Q54; Q57
Introduction
In recent years, considerable attention has been given to the protective role of mangroves 1 and other coastal forests either alone or alongside built infrastructure against coastal hazards.
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The evidence that mangroves may shelter coastal communities and assets from coastal erosion, wind and swell waves, cyclones, etc. is well known in tropical coastal ecology and the potential utility of mangroves as a tool in disaster risk reduction is increasingly recognized by coastal managers (Chapman, 1976; UNEP-WCMC, 2006; Doney et al. 2012; McIvor et al 2012a; McIvor et al. 2012b; Waite et al. 2014 ). Numerous modeling and mathematical studies have shown that mangrove forests can attenuate the height of waves as well as water flow velocity (Brinkman et al., 1997 , Mazda et al. 1997 , 2006 Massel et al., 1999; Quartel et al., 2007 , Barbier et al. 2008 , Gedan et al. 2011 Zhang et al. 2012; McIvor et al. 2013; Liu et al. 2013; Pinsky et al. 2013 ). These studies also indicate that the extent of protection from mangroves strongly depends on a number of characteristics of the forest: density, diameter of trunks and roots, floor shape, bathymetry, as well as spectral characteristics of the waves, and the tidal stage at which waves enter the forest. In order to maximize the potential of mangrove forests to act as bioshields to protect 1 Mangroves are salt-tolerant evergreen forests found along sheltered coastlines, shallow-water lagoons, estuaries, rivers or deltas in 124 tropical and subtropical countries and areas (Tomlinson 1986; Ellison and Stoddart 1991) . A "mangrove" has been defined as a "tree, shrub, palm or ground fern, generally exceeding more than half a meter in height, and which normally grows above mean sea level in the intertidal zones or marine coastal environments, or estuarine margins" (Duke 1992 ). The term 'mangrove' describes both the ecosystem and the plant families that have developed specialized adaptations to live in this tidal environment. The mangrove ecosystem represents an interface between terrestrial and marine communities, which receive a daily input of water from the ocean (tides) and freshwater, sediments, nutrients and silt deposits from upland rivers. Mangroves may grow as trees or shrubs according to the climate, salinity of water, topography and edaphic features of the area in which they exist.
3 people and other assets from coastal hazards, additional location-specific research is necessary to design and manage these coastal forests. This paper is a step forward in that direction. This paper evaluates the effect of different species of mangroves, density of trees and width of mangrove forests on cyclone-induced surge height and water flow velocity in coastal Bangladesh.
3 First, location-specific analysis was undertaken to short-list suitable mangrove species for three coastal segments prone to cyclones. Second, the hydrodynamic model for the 
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In the early 1960s and 1970s, and in recent years, 139 polders, of which 49 were sea facing, were constructed in Bangladesh to protect low-lying coastal areas against tidal flood and salinity intrusion, and to some extent from storm surges during cyclones. In recent years, potential impacts of sea-level rise have become a major concern for the Government of Bangladesh in light of climate change. The government in collaboration with the World Bank has initiated a Coastal Embankment Improvement project for enhancing the height of 17 selected polders in the southwest coastal region where polder heights were low and cyclone strikes were relatively infrequent in the past but where it has increased in recent years. This study was undertaken to develop a basis for the necessary engineering judgement in designing this forest cover for various segments of the foreshore of polders, with the expectation that mangroves will attenuate surge, wave and water velocity during cyclones, and complement the height of embankments as part of the coastal protection infrastructure.
The findings emphasize that the presence of mangroves does attenuate surge heights and water flow velocity, but the level of attenuation is location specific, depending on the mangrove species, width of the mangrove strip as well as on the density of mangroves. Estimates further indicate, although likely surge height reduction is from 4 cm to 16.5 cm from a 50m to 2km wide mangrove strip, the water flow velocity is likely to reduce by 29% to 92% from 50m or 100m wide mangrove forests of Sonneratia apetala and Avicennia officinalis. At the outset, it should be noted that we have not estimated the extent of attenuation of wind waves from mangroves during cyclones in this paper; modeling of wind waves should be addressed in future research.
Estimates of resistance to water flow from different species of mangroves at different densities of planting are major contributions of this paper to the literature on disaster risk management.
The remainder of the paper is structured as follows: section 2 presents the study area; section 3 describes the methodology including selection of suitable mangrove species and hydraulic modeling and simulation; section 4 presents the estimates of attenuation of storm surge and water velocity with a brief discussion; and section 5 presents the conclusions of this study. 
Study Area
Upon consultation with experts from Bangladesh, three areas were selected for analysis: (i) To understand the protective role of mangroves, a hydrodynamic model was set up and updated with location-specific data to represent the coastal as well as estuarine features of the study areas. Cyclonic wind field and pressure field information generated from historic cyclone data were added to the hydrodynamic model for developing the Storm Surge Model. Upon consultation with the local experts and after conducting focus group discussions with local inhabitants, various species of mangroves were short-listed for each study area considering their economic value and survivability in the study sites in the location-specific tidal characteristics and water salinity. Manning's Numbers (M) 10 were computed for short-listed mangrove species taking into account the physical characteristics of the mangrove trees. These Manning's Numbers served as estimates of resistance to the flow of water from the mangrove trees while passing through the forest. Further details on the process are described below.
Setup of the hydrodynamic water flow model and development of the cyclone model
The hydrodynamic model for Bay of Bengal was upgraded with conversion of structured computational grid (MIKE 21Classic) to a flexible mesh system (MIKE 21FM) to enhance the resolution of the grids around islands, along coastline and other areas of interest. 11 See Figure Table, 1995) Islands and shorelines were delineated using recent Google Images. The bathymetry of the hydrodynamic model was updated using secondary data from different sources, including the surveyed river bathymetry data from the IWM, Ocean bathymetry data (C-Map from the IWM).
Setback distances of the polders in the study regions were measured; and the shorelines of different segments of the study area were developed based on the foreshore areas.
To generate the storm surge model, cyclonic wind and pressure field were added to the hydrodynamic model as inputs of meteorological parameters. Historic cyclone data on (i) radius of maximum wind, (ii) maximum wind speed , (iii) cyclone track forward speed and direction, (iv) central pressure and (v) natural pressure from the Bangladesh Meteorological Department were used to estimate the cyclonic wind field and pressure. Holland Single Vortex theory was applied to generate the cyclonic wind field (Holland 1980 ). The generated cyclonic wind and pressure fields for the cyclone track were then used in the hydrodynamic model to simulate the cyclonic storm surges. 
Selection of mangrove species
High-resolution maps of the distribution of mangrove species from the Department of Forests, Government of Bangladesh have identified 20 mangrove species in coastal Bangladesh. 13 However, tidal characteristics and salinity tolerance ranges of these mangrove species are widely different. Since survival of mangroves is critical for coastal protection, selection of mangrove species took into account the tidal characteristics as well as salinity tolerance of various mangrove species (Dasgupta, Sobhan and Wheeler 2017) 
Estimation of resistance to water flow from field measurements
Understanding the resistance of water flow over surfaces is critical for simulation of cyclone-induced surges as well as for estimation of water flow velocity. Friction between the fluid and a surface is generally represented by Manning's Number (M). Manning's Numbers for the Bay of Bengal Model domain for different depths of water are presented in Table 2 . As expected, Table 2 indicates resistance to water flow increases with reduction in water depth.
Scientific literature to date emphasizes that mangroves can substantially reduce the vulnerability of adjacent coastal lands from storm surges, as the flow of water through the mangrove forest is obstructed by the matrix of roots/trunks and leaves of the mangrove trees. In order to estimate the resistance of water flow from various mangrove species, field visits were made to measure the diameter of the trunks, diameter of the roots and height of the roots from the ground level for each mangrove species short-listed for this analysis 15 (see Table 3 ). During field visits, the distance between mature plants was measured and local experts were consulted on feasible density of planting and spacing between trees. 15 The impact of leaves has not been considered in this analysis.
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Field measurement of the trunk system of Sonneratia apetala by the study team The Manning's Numbers of different mangrove species for different water levels were then estimated first for their root systems (see Table 4 , Column 3) and then combining with that of the trunk systems for alternative spacing between trees (see Table 4 , Columns 4-6). Table 4 documents changes in Manning's coefficients with changes in density of planting of different mangrove species for different water depths. As expected, the estimates confirm that resistance to water flowing through mangroves varies with mangrove species, density of trees, as well as depth of water. Once again, our estimates of the Manning's coefficients confirm that resistance to water flow by mangroves decreases with increase in the depth of water. Among the mangrove species short-listed for this analysis, irrespective of water depth, Sonneratia apetala causes maximum hindrance, followed by relatively similar resistance from Avicennia officinalis and Heritiera fomes. Estimates further indicate that resistance from Excoecaria agallocha exceeds that of Ceriops decandra for all water depths considered in our analysis. As expected, resistance to water flow increases with increase in density of planting. However, density of planting or the minimum spacing between trees depends on the trunk/branch structures of the 15 mangrove species. Field observations considering minimum distance between mature trees conclude that planting of Sonneratia apetala at 5m spacing, Avicennia officinalis at 4m spacing and Heritiera fomes, Excoecaria agallocha, Ceriops decandra at 5m spacing in the study regions are feasible and will yield the best resistance to water flow through the mangroves.
Simulations of Cyclones and Findings
Mangrove creates resistance and reduces the surge height and flow velocity of water by Reductions in water flow velocity from afforestation of mangrove species Study Area 1: Site 1 Water flow velocity of Sidr (2007) Our estimates confirm the protective role of mangroves during cyclones and highlight that the extent of attenuation of surge height and surge flow velocity from mangroves is locationspecific and depends on mangrove species, width of mangrove area as well as the density of planting. Among the three study areas considered in our analysis, attenuation of surge height is relatively higher in study area 3, which is sea-facing and shallower compared to the other study areas on river banks. 17 Among the seven sites considered in our analysis, the reduction of surge 17 The variation in bed level of study area 1, study area 2 and study area 3 are from -6mPWD to -10mPWD, -10mPWD to -12mPWD and 0mPWD to -3mPWD respectively (Reference: Figure A1 in the appendix). height is 4cm to 16.5cm, with a median reduction of 5.5cm. The least reduction (4cm) in surge height was recorded from a 50m wide belt of Sonneratia apetala at 7.5m spacing or from a 50m wide belt of Avicennia officinalis at 6m spacing in Site 1. The most reduction (16.5cm) was from a 50m wide belt of Sonneratia apetala at 5m spacing followed by a 50m wide belt of Avicennia officinalis at 4m spacing and 2000m wide belt of Ceriops decandra at 5m spacing in Site 7. The reduction in surge flow velocity is in the range of 29 percent (from a 50m wide belt of Avicennia officinalis at 6m spacing in Site 1) to 92 percent (from 50m width of Sonneratia apetala at 5m
spacing followed by 50m width of Avicennia officinalis at 4m spacing in Site 4). The median reduction in water flow velocity is 59 percent recorded from a 50m width of Sonneratia apetala at 5m spacing in site 6.
Our estimates of surge height attenuation from mangroves are in centimeters. Therefore, for densely populated cyclone-prone Bangladesh, where surge heights typically range from 1.5m to 9m mangroves alone will not be sufficient to protect assets and activities at risk, but must be used along with built infrastructure, such as embankments. However, since mangroves attenuate surge height, embankments with mangroves in foreshore areas can be lower in height as compared to the ones without mangroves. This may result in a significant savings in construction cost of embankments due to potential cost savings in land reclamation and earthwork. Design parameters of embankments with foreshore areas consequently should also take into consideration potential mangrove protection. In the long run, mangroves also help in reducing land erosion and in the accretion of the foreshore area by trapping sediment.
As mentioned earlier, our estimates reveal significant reduction of water flow velocity from mangroves. Reduction in water flow velocity is likely to protect the embankments from "toe erosion," breaching and other damages. Thus, the presence of healthy mangroves in the foreshore area is also likely to contribute to savings in the maintenance cost of embankments.
One should also keep in mind that in addition to coastal protection services as highlighted in this paper, mangroves provide many benefits that include the provision of food, timber, wood fuel, medicine, habitat and nurseries for fish and other wildlife. Mangroves also trap nutrients and contaminants to maintain water quality and store a much higher amount of carbon per 24 equivalent area than terrestrial forests (Herr et al. 2012 , Murray et al., 2011 18 Success of Avicennia officinalis is mostly limited to the Eastern coastal zone of Bangladesh (Islam, 2015) . 19 For example, Zeuzera confertastem and Streblote siva are common in coastal Bangladesh.
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Conclusion
Scientific literature to date emphasizes that mangroves can substantially reduce the vulnerability of adjacent coastal lands from storm surges as the flow of water through the mangrove forest is obstructed by the matrix of roots/trunks and leaves of the mangrove trees.
As a result, the protective role of mangroves and other coastal forests and trees against cyclonic storm surges has received considerable attention in disaster management in recent years. Even though experts and scientists agree that coastal forest belts, if well designed and managed, have the potential to act as bioshields for the protection of people and other assets against storm surges, most of the studies conclude that additional location-specific information is needed to define the specific details and limits of this protective function (FAO, 2007; Das and Vincent, 2009; Arkema et al. 2013 ).
This paper evaluates the effects of different species of mangroves, different widths of mangrove forests and densities of planting on the cyclone-induced surge height and water flow velocity for seven sites in cyclone-prone coastal region of Bangladesh. For each study site, suitable mangrove species were short-listed upon consultation with ecologists considering the survival potential of the tree species in the local environment, and taking into account the familiarity and interest of the local inhabitants in preserving the species. During field visits, roots, trunk systems and optimal spacing between trees were recorded. For understanding the resistance of water flow from mangroves, Manning's coefficients were then estimated from field measurements of the root and trunk systems of mangrove species.
A hydrodynamic model for the Bay of Bengal based on the MIKE21FM modeling system was set up, calibrated and run multiple times to simulate the surge of cyclone Sidr that made landfall in Bangladesh in 2007 with a maximum wind speed of 248 kph, maximum wind radius of 64km, central pressure of 928 hPa and normal pressure of 1009 hPa. Estimates of surge height and water flow velocity were first recorded without mangroves and then with different widths of mangrove forests under different densities of planting using specific information on local topography, bathymetry and Manning coefficients estimated from the root and trunk systems of relevant mangrove species.
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Our findings confirm the protective role of mangroves during cyclones, and highlight that the extent of attenuation of surge height and water flow velocity from mangroves is location-specific.
Among the species considered in our analysis, Sonneratia apetala causes maximum friction and hindrance to water flow. Estimates indicate that likely surge height reduction is from 4cm to 16.5cm from a 50m to 2km wide mangrove strip. Therefore, for densely populated cyclone-prone Bangladesh, where surge heights typically range from 1.5m to 9m mangroves alone will not be sufficient to protect assets and activities at risk, but must be used along with built infrastructure, such as embankments. Despite modest attenuation of surge heights, our estimates also indicate significant reduction of water flow velocity from mangroves. The expected reduction in water flow velocity is 29% to 91% from a 50m or 100m wide mangrove forest of Sonneratia apetala and Avicennia officinalis. Reduction in water flow velocity is likely to contribute to savings in the maintenance cost of embankments by protecting the embankments from "toe erosion,"
breaching and other damages. Consequently, design parameters of embankments with foreshore areas 20 should take into account potential mangrove protection.
It should be noted that economic assessment of the location-specific benefits of mangrove protection from flooding during cyclones, potential cost savings in rehabilitation of the embankments and in the cost of operation and maintenance of embankments, as well as the costs of afforestation could not be computed at this stage due to resource constraints and should be addressed in future analysis. We also have not estimated the extent of attenuation of wind waves from mangroves during cyclones in this paper; modeling of wind waves should also be a subject of future analysis.
